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ABSTRACT Protein biosensors are widely used for the monitoring of metabolite concentration and enzymatic activities inside
living cells and in in vitro applications. Neutrophil elastase (NE) is a serine protease of relevance in inflammatory diseases whose
activity can lead to pathological conditions if unregulated. This study focuses on the structural characterization of a biosensor for
NE activity based on Förster resonance energy transfer (FRET). The cleavage by NE results in dissociation of the FRET fluo-
rescent protein pair and alteration of the fluorescent emission spectrum. We have used small angle x-ray scattering at a high
intensity synchrotron source, combined with model-free analysis of the scattering data, to demonstrate the structure of the
biosensor and the effect of its exposure to NE on size and shape. These investigations, together with biochemical studies,
established the nanostructure-activity relationship that may contribute to the detailed understanding of the FRET-based
biosensor and guide the rational design of new biosensor constructs.
INTRODUCTION
Fluorescent protein biosensors are powerful bioanalytical
tools applied to the measurement of biomarkers in vitro
and to the monitoring of biological processes in living cells
(1). Protein-based biosensors are mostly formed by a fluo-
rescent module and a target-specific recognition module
(2,3). On target recognition, a conformational change of
the protein induces an optical response. The green fluores-
cent protein (GFP) and its variants are the most used fluores-
cent components in biosensors because of their autocatalytic
maturation process, ease of expression, and conformational
stability (4). The recognition module can have different
sizes and structure, ranging from single reactive residues
such as the cysteines in a hydrogen peroxide biosensor
(5), to peptides such as in metal-sensing biosensors (6), to
whole proteins such as in sugar-binding biosensors (7).
When two fluorescent proteins are in close proximity and
their emission and excitation spectra overlap at least
partially, Förster resonance energy transfer (FRET), which
is the radiationless transfer of energy between two fluores-
cent molecules, can occur. FRET-based biosensors produce
a ratiometric signal that, calculated as the ratio between the
emission at two wavelengths, is independent of the concen-
tration of the biosensor in the sample (8). They are preferred
Submitted May 16, 2017, and accepted for publication August 24, 2017.

*Correspondence: greta.faccio@gmail.com or stefan.salentinig@empa.ch

Editor: Tommy Nylander.

http://dx.doi.org/10.1016/j.bpj.2017.08.044

� 2017 Biophysical Society.
to single fluorescent proteins as the latter provide only a
read-out as fluorescence intensity. This aspect is especially
important when the biosensors are recombinantly expressed
in living cells and cell compartments. By selecting reporter
proteins with different fluorescent properties and by engi-
neering the recognition module, a variety of protein biosen-
sors has been developed able to specifically monitor minor
changes of ion and metabolite concentration (7,9–12), of
the redox status (13), and of enzymatic activities (10,14)
in various biological systems. The conformational changes
in the protein biosensors that cause their response to
external stimuli are usually analyzed by fluorescence spec-
troscopy in solution, or by fluorescence microscopy when
expressed in living cells (15,16). However, despite the fact
that the nanostructure of the FRET-based protein biosensors
is decisive for the FRET effect and thus the activity of the
sensor, the related literature is still limited.

Here, we structurally characterize a FRET biosensor for
neutrophil elastase (NE), a serine protease of relevance
in inflammatory diseases and whose activity can lead to
pathological conditions if unregulated (17). In our NE
biosensor, the yellow fluorescent protein (YFP) and the
cyan fluorescent protein (CFP) are linked via a recognition
sequence specific for human NE (18). When the biosensor
is intact, FRET occurs and the excitation of the donor
(CFP) results in an enhanced emission of the acceptor mole-
cule (YFP) (17). In the presence of NE, the dissociation of
the fluorescent moieties results in a spectral response
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(Fig. 1). To the best of our knowledge, the solution and crys-
tal structure of both the designed biosensor construct and
modified fluorescent proteins are not available in literature.
X-ray crystallography and most electron microscopy
methods only allow the study of protein conformation in a
crystalline state (19). The determination of protein confor-
mation in a native, functional state in solution is currently
only possible with small angle x-ray scattering (SAXS),
cryogenic electron microscopy, or NMR spectroscopy,
with the latter method limited to small molecules and high
concentration (19,20). In our study, SAXS was applied to
investigate the solution structure of the designed biosensor,
with a focus on orientation of the two linked proteins in the
tandem construct at a nanometer scale resolution. This
method can further detect both ordered and disordered re-
gions within a protein population (21). In a recent study,
this method was used to research the conformational
changes and the flexibility of single-molecule FRET
biosensors to monitor phosphorylation and calcium pres-
ence (22). Here we present, to our knowledge, the first study
combining biochemical methods with spectroscopy, syn-
chrotron SAXS, and modeling of the scattering data using
model-free approaches to correlate nanostructure and func-
tion to the site-specific cleavage of the FRET protein pair
with NE.
MATERIALS AND METHODS

Overexpression and purification of the biosensor

An aliquot of 2 mL of a glycerol stock of the chemically competent Escher-

ichia coli BL21(DE3)GOLD cells previously transformed with the

pET22b(þ)-CFP-NE1-YFP plasmid was used to inoculate a 100 mL culture

containing lysogeny broth medium supplemented with 50 mg/mL ampicillin

(95% purity; Sigma-Aldrich, Buchs, Switzerland). After overnight cultiva-

tion at 37�C at 180 rpm, this was diluted to 500 mL of selective medium

to a starting OD600 ¼ 0.05, and incubated at 37�C until it reached an

OD600 ¼ 0.6–0.8. Gene expression was induced with 1 mM isopropyl

b-D-thiogalactoside (purity R99%; Sigma-Aldrich) and the temperature

lowered to 18�C. Cells were harvested after 16–20 h incubation by centrifu-
gation and the cell pellet was resuspended in 100 mM potassium phosphate

buffer (pH 7.4; 5 mL/g cells) and treated with 1 mg/mL lysozyme (62971–

10G-F; Sigma-Aldrich) and a protease inhibitor mix (one tablet per 50 mL

suspension, cOmplete Roche Complete Protease Inhibitor Mix, EDTA-free
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obtained from Sigma-Aldrich). Cells were incubated 30 min on ice before

being frozen at �80�C for 30 min. Cells were then treated with benzonase

nuclease (1 mL/2 g cells; New England Biolabs Inc., Ipswich,MA) and incu-

bated at 37�C for 1 h under gentle shaking. Cell disruptionwas performed by

sonicationwith aBranson sonicator (BransonUltrasonics) and the cell debris

was removed by ultracentrifugation (47,808 � g, 4�C, 40 min, SS34 rotor;

Sorvall).As the biosensor carries a hexa-histidine tag, purification proceeded

by affinity chromatography by fast protein liquid chromatography (Äkta

Purifer; GE Healthcare, Little Chalfont, United Kingdom) using a HisTrap

HP column (volume ¼ 5 mL; GE Healthcare) preequilibrated with

100 mM potassium phosphate buffer (pH 7.0) and 10 mM imidazole (p.a.

grade; Sigma-Aldrich). Proteins were eluted with a 10–500 mM imidazole

linear gradient, and fractions containing the biosensor were pooled and

buffer-exchanged to 100 mM potassium phosphate buffer (pH 7.0). The

biosensor was further purified by size exclusion chromatography using a

Superdex 75 10/300 GL (GE Healthcare) column in phosphate-buffered sa-

line (PBS; pH6.2) containing137mMNaCl, 2.7mMKCl, 10mMNa2HPO4,

and 1.8 mMKH2PO4 (all p.a. grade; Sigma-Aldrich). Protein purity was as-

sessed by analyzing 5–10 mg of biosensor by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) (10% acrylamide resolving

gel, 5% stacking gel) and the protein concentration was calculated using

the extinction coefficient calculated in silico (17).
Cleaving of the biosensor

The cleaved version of the biosensor (concentration ¼ 0.58 mg/mL) was

prepared by incubating the biosensor in the presence of NE (1 mU/mL, final

concentration), at a biosensors/NE molar ratio of �100, in PBS buffer

(pH 6.2) for 3 h at room temperature. Buffers were filtered using a

0.22 mm filter and samples were stored at �20�C until measurement.
Spectroscopic characterization

Fluorescence measurements were performed with a multiwall-plate reader

(Varian, Palo Alto, CA) in black, 96-well, half-area plates using 60 mL sam-

ples at a protein concentration of 0.58 mg/mL, with lex¼ 395 nm and lem¼
460–660 nm.
Dynamic light scattering

Dynamic light scattering (DLS) was performed on a Malvern Zetasizer

Nano ZS90 (Malvern Instruments, Westborough, MA) at 25�C with a

He�Ne Laser beam, at a wavelength of 633 nm, laser power of 4 mW,

and a scattering angle of 90�. The protein construct was measured in

PBS (pH 6.2). The mean hydrodynamic radius (Rh) and the size distribution

(polydispersity index) of the biosensor were determined with the cumulant

method.
FIGURE 1 (a) Schematic view of the biosensor

for NE activity. The biosensor is formed by the

YFP-CFP FRET pair connected by a linker peptide

carrying the NE-specific recognition sequence Phe-

Ile-Arg-Trp. The GFP variants YFP and CFP are

represented using the available three-dimensional

structure of the wild-type GFP (PDB: 1EME).

(b) Fluorescence emission spectra of the biosensor

in the intact and cleaved form obtained by incuba-

tion with NE. To see this figure in color, go online.
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SAXS

SAXS measurements were performed at the Austrian SAXS beamline at

ELETTRA, Trieste, Italy (23). The samples (protein concentration ¼
0.58 mg/mL in PBS buffer (pH 6.2)) were measured in a 1.5-mm diameter

quartz capillary mounted in the x-ray beam at 25�C. An x-ray beam with a

wavelength of 0.77 Å (16 keV) was used, with a sample to detector distance

of 1830 mm providing a q-range from 0.1 < q < 7 nm�1, where q is the

length of the scattering vector, defined by q ¼ 4p/l sin(q/2), l being the

wavelength and q being the scattering angle. The two-dimensional SAXS

patterns were acquired for 27 s, with 3 s delay between frames, using a

Pilatus3 1M detector (Dectris, Baden, Switzerland; active area of 169 �
179 mm2 with a pixel size of 172 mm). The two-dimensional SAXS pattern

were integrated into one-dimensional scattering function I(q) using Fit2D

(24), and then analyzed with IGOR pro (Wavemetrics, Lake Oswego, OR).

Measurements were done in triplicate to check for beam damage, and the

average of the results was used. No beam damage was observed. The scat-

tering of PBS buffer was subtracted from the measurements as background.
Analysis of SAXS data

Guinier analysis, from the Guinier approximation of the scattering data and

further analysis of the calculated pair distance distribution function p(r),

(see below), was performed to calculate the radius of gyration (Rg).

For particles of arbitrary shape with an electron density difference of

Dr(r) relative to the mean value, the p(r) is given by p(r)¼ r2Dre2(r), where
Dre2(r) is the convolution square of the electron density averaged for all

directions in space. This averaging causes no loss of information in

the case of particles with spherical symmetry. The indirect Fourier transfor-

mation method was used for a model-free analysis of the scattering

data (25–27).

The p(r) is calculated from the scattered intensity I(q) using the following

equation (26):

IðqÞ ¼ 4p

ZN
0

pðrÞ sinðqrÞ
qr

dr; (1)

giving a real-space representation of the overall shape of the proteins in case

of negligible interparticle-interactions at the low concentrations in this

study (27). The radius of gyration was also calculated from the p(r) using

Rg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR
pðrÞr2dr

2
R
pðrÞdr

s
: (2)

A low-resolution, three-dimensional model of the proteins was also

reconstructed from the SAXS data using the automated bead modeling

approach in Dummy Atom Model Minimization (DAMMIM) (28,29).

The shape reconstruction was started from densely packed beads inside

a spherical search volume with Dmax approximated from the p(r). Ten inde-

pendent DAMMIM runs were performed. The most divergent models were

discarded and resulting models averaged (30).

The Kratky plot (q2I(q) versus qRg) was used to study protein folding and

symmetry (31).
RESULTS AND DISCUSSION

The YFP-CFP protein pair and its evolved variants have
become one of the most used fluorescence protein FRET
pairs to investigate protein-protein interactions within the
cell, and to study kinase and phosphatase activities
(32–34). The response of the sensor was mostly monitored
by fluorescence spectroscopy methods without, however,
providing a detailed structural insight into the construct
(35). By complementing the fluorescence-based measure-
ments with SAXS analyses, a better understanding of both
the FRET effect and the orientation of the proteins in the
tandem FRET pair, responsible for this effect, can be
achieved.

The YFP-CFP protein pair in this study is connected by a
peptide carrying the recognition sequence Phe-Ile-Arg-Trp,
specific for human NE (see Fig. S1 for the primary and sec-
ondary structure). It is the biosensor carrying the shortest
linker sequence among the ones previously reported in liter-
ature (17). Upon incubation with NE, hydrolysis of the pep-
tide bond in the linker sequence results in dissociation of the
fluorescent moieties and a spectral response (Fig. 1). The
FRET ratio, calculated by dividing the emission at 520 nm
and 485 nm, is thus reduced from 1.1 to 0.8 on cleavage un-
der simulated physiological conditions (17).

SDS-PAGE analysis shows that the �60 kDa biosensor
is cleaved into �33 kDa GFP-like subunits (Fig. S2). Ac-
cording to the structure and location of the NE recognition
site, cleavage results in the dissociation of the two folded
CFP and YFP barrel subunits carrying additional unstruc-
tured stretches (Fig. S1). YFP carries a five-amino-acid
long, short N-terminus stretch with an estimated length of
�1.7 nm and partial linker region of �4.7 nm, and CFP
carries the partial linker region of �4.3 nm and the
15-amino-acid long, C-terminus tail containing the His-tag
that is �6.0 nm long.

The SAXS I(q) profiles for the biosensor before and after
reaction with NE, in combination with the model-indepen-
dent fits calculated with the indirect Fourier transformation
method (26,27), using Eq. 1, with the corresponding p(r)
functions, are presented in Fig. 2, a and b, respectively.
The decrease in forward scattering intensity in the I(q) pro-
files between the uncleaved to the cleaved biosensor is char-
acteristic for a decrease in size of the nanoobject. This
region of the scattering curve is sensitive to aggregation,
with a theoretical intensity difference of a factor of two
between monomers and dimers. On cleaving the biosensor,
the ratio between the forward scattering intensities in Fig. 2
decrease by a factor of �1.8, hence we estimate that around
90% of the biosensor was cleaved during the reaction
with NE.

The shape of the calculated p(r) functions from SAXS for
this biosensor with two broad humps indicates two linked
proteins. The linear decay of the p(r) at higher r values is
characteristic for ellipsoidal shape with the maximum
dimension of the construct at p(r) ¼ 0 at �12 nm (36).
The shape of the p(r) function for the cleaved biosensor
indicates elongated proteins with less assymetry and a
maximum dimension at p(r) ¼ 0 at �8 nm.

As it is theoretically not possible to simultaneously
deduce the geometrical shape and the size distribution of a
polydisperse system of particles from SAXS data, we used
Biophysical Journal 113, 1731–1737, October 17, 2017 1733



FIGURE 2 (a) Experimental SAXS curves (symbols) and calculated fits (full lines) of the biosensor before and after cleaving. (b) The corresponding p(r)

functions calculated from (a) using Eq. 1. To see this figure in color, go online.

FIGURE 3 Kratky plot showing a characteristic pattern for mostly folded

proteins of asymmetric shape for both, the uncleaved and cleaved biosensor

in PBS buffer. The vertical lines indicate the maximum of the peak for the

cleaved (full line) and uncleaved sensor (dashed line).
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SDS-PAGE and DLS measurements for information on size
and polydispersity of the biosensor (37). SDS-PAGE
confirmed the high purity of the biosensor and cleavage
on treatment with NE into molecules of approximately
half weight (Fig. S2). The DLS measurements of the
uncleaved biosensor indicated a hydrodynamic radius of
Rh �4.5 nm and a polydispersity index value of �0.30.
Hence, the larger dimensions deduced from SAXS com-
pared to the diameter obtained from DLS with 2Rh

�9.0 nm, may result from the deviations from spherical
shape, as the Rh describes the diffusion of a spherical parti-
cle with the diffusion constant of the nonspherical construct.

The radius of gyration (Rg), calculated from the SAXS
data, confirms the change in size of the protein biosensor
on reaction with NE. Rg values for the uncleaved and
cleaved sensor were �3.1 and 2.3 nm, respectively, calcu-
lated from Guinier analysis of the experimental SAXS
patterns. These results are in good agreement with the Rg

values of �3.5 and 2.3 nm, calculated from the correspond-
ing p(r) functions using Eq. 2. This reduction in size and
transition in shape and morphology on reaction with NE
does not compromise the mostly folded state of the proteins
in the two constructs, as indicated by the Kratky plot in
Fig. 3. The Kratky plots of both the construct and cleaved
sensor exhibit a characteristic maximum, indicating mostly
folded proteins. The position of the peak maximum in the
Kratky plot provides further insight into the symmetry of
the proteins. A theoretical maximum at qRg ¼ ffiffiffi

3
p

is ex-
pected for globular, compact particles with deviations to
larger values indicating asymmetry or flexibility in the
proteins (38). The peak maximum is at qRg �2 for both
curves in Fig. 3, suggesting an asymmetric protein shape.
The maximum for the uncleaved sensor appears at slightly
higher qRg values than that for the cleaved version. This in-
dicates a more pronounced asymmetric shape of the un-
cleaved construct, in agreement with the results obtained
from the p(r) analysis above.

Low-resolution, three-dimensional models reconstructed
from the SAXS data with the automated bead modeling
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approach in DAMMIM (28,30) were used to obtain informa-
tion on the orientation of the proteins in the construct, and to
complement the information on the size and shape of the
proteins (Fig. 4).

The reconstructed shape of the uncleaved sensor appears
as an assembly of the two individual elongated proteins that
are linked with the �10 nm peptide containing the NE
recognition sequence. The orientation of the two proteins
in the construct appears parallel, but shifted against each
other along their major axis, as seen in the front and back
view of the untreated construct in Fig. 4. The reconstructed
shape of the individual proteins is in good agreement with
the high-resolution protein structure of GFP (PDB:
1EME) (39), presented as best possible superimposition in
Fig. 4. The additional modifications of the proteins with
peptide segments of up to 6 nm in length, combined with
hydration of the proteins, may be held responsible for



FIGURE 4 Low-resolution three-dimensional model of the proteins calculated from the SAXS data in Fig. 2, using the automated bead modeling approach

in DAMMIN. The side and top view of the uncleaved sensor (top) and the cleaved sensor (bottom) are presented together with a possible superimposition with

the crystal structure of GFP subunits (PDB: 1EME). The GFP structure is shown as surface in purple and the dimensions of the ab initio model are obtained

with PyMOL (The PyMOL Molecular Graphics System, version 1.8; Schrödinger). To see this figure in color, go online.
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differences between the constructs in solution and the super-
imposed protein crystal structure in vacuum. The presence
of a minor portion of the uncleaved version in the cleaved
sample may also contribute to deviations of the model
from the crystal structure (see Results and Discussion,
above).

For the uncleaved biosensor, the polydispersity in the
relative alignment of the linked protein subunit contributes
to the observed differences in size and shape, and might
affect the functionality of the biosensor. Because the align-
ment of the two proteins in the construct is decisive for the
FRET effect, this detailed nanostructural insight into the
biosensor construct can be applied for a rational design of
improved biosensor structures. For instance, the introduc-
tion of a second linker region, connecting the free ends of
the two proteins, could hold them in a more compact confor-
mation and reduce the polydispersity in the alignment of the
two proteins in the tandem construct. This may improve the
FRET and hamper possible protein denaturation processes.
In a follow-up study, we also plan to further optimize the
alignment of the fluorescent proteins through systematic
variation of the length and composition of the linker peptide,
as well as engineer the amino acid sequence of the interpro-
tein region. Achieving optimized FRETwould lead to more
effective sensors with better spectroscopic response and
detection limit for NE. We further intend to entrap the
sensor in lyotropic liquid crystalline host matrices. The
encapsulation of peptides and proteins into such lyotropic
liquid crystal host matrices has been shown to improve the
stability and functionality of these molecules, an important
aspect for biomedical applications (40–42).

In conclusion, the structure of a FRET biosensor based on
the YFP-CFP FRET pair connected by a linker peptide for
NE was studied in solution. The combination of SAXS
with model-independent data analysis, DLS, and biochem-
ical methods provided detailed information on the protein
conformation in a native state in solution. The nanostructure
of the intact biosensor, studied with synchrotron SAXS,
indicates that the two proteins are preferably in parallel
alignment, with a relative shift along the major axis.
The flexibility in alignment of the subunits of the biosensor
may also influence the FRET ratio and efficacy of the sensor.
After reaction with NE, SAXS confirmed the decrease in
biosensor size and shape deviations from ellipsoidal to
more spherical in agreement with the shape expected from
the individual proteins from the crystal structure. The
Biophysical Journal 113, 1731–1737, October 17, 2017 1735
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modified fluorescence emission spectra of the biosensor
before and after reaction confirmed its response to NE, in
agreement with the changes in conformation of the fluores-
cent units from SAXS analysis.

The unique insights into protein conformation, folding
state, size, and shape, together with the biochemical charac-
terization of the sensor activity, allowed the correlation
between nanostructure and function in the protein biosensor.
Our results highlight SAXS combined with advanced data
analysis as a powerful tool to characterize proteins in solu-
tion and investigate protein-protein interactions; it may also
be valuable for the design of protein-based biosensors and
the study of stimuli-responsive protein interactions, confor-
mation, and morphology.
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